Introduction
HDPs, also called cationic antimicrobial peptides, are evolutionarily conserved molecules that are involved in the defense mechanisms of a wide range of organisms. They form the first line of defense against invading microbes [1] . With the exception of defensins and other cysteine-rich peptides, HDPs are generally 10 -50 aa in length but lack any specific consensus amino acid sequences that are associated with biological activity; however, most of these molecules maintain certain common features, such as a net positive charge as a result of excess arginine and lysine residues, up to 50% hydrophobic amino acids, and an ability to fold into amphiphilic structures [1] [2] [3] . In addition to a generally weak direct-killing activity, HDPs exhibit a wide variety of immunomodulatory functions and delicately modulate inflammatory responses without compromising the elements of immunity that are required for the resolution of infections. The immunomodulatory activities of HDPs include the indirect and/or direct promotion of chemotaxis; the stimulation of production of many chemokines and certain cytokines; the modulation of DC and macrophage differentiation; the regulation of neutrophil and epithelial cell apoptosis; the suppression of potentially harmful, proinflammatory responses that are mediated by bacterial products; the induction of angiogenesis and wound healing; and adjuvant activity promoting a vigorous adaptive response [1] [2] [3] [4] [5] [6] [7] [8] . Therefore, as a result of the multifunctional properties of HDPs and the increasing bacterial resistance to conventional antibiotics, HDPs and their derivatives are attractive candidates as templates for novel agents that can be used as anti-infective and immunomodulatory therapeutics [9, 10] .
The development of natural HDPs has been problematic because of their harmful properties, such as their hemolytic activity and cytotoxicity toward mammalian cells, the stimulation of mast cell degranulation, and the promotion of apopto-sis [11] [12] [13] . Recently, we screened a series of more than 100 distantly related peptide variants of bovine bactenecin (Bac2A) for their improved immunomodulatory activities, as assessed by chemokine production in human PBMCs [14] . These anti-infective, immunomodulatory peptides, termed IDRs, mediate protection against bacterial infections by selectively enhancing immune-protective mechanisms rather than through direct antimicrobial activity [7] . In contrast, the IDRs decrease proinflammatory responses to microbial products, thereby limiting potentially harmful inflammation [7, 8] . For instance, the prototypical IDR-1 offers prophylactic and therapeutic protection against systemic infections with multidrug-resistant bacteria in mouse models, and this protection is associated with an increase of chemokine production, the suppression of harmful inflammatory cytokines, and an increase of macrophages at the site of infection [7] . IDR-1002 increases protection from bacterial infections via the enhancement of chemokine production and the recruitment of PMN leukocytes/neutrophils and monocytes/macrophages to the site of infection in vivo [8] , and IDR-HH2 also shows promise as a component of vaccine adjuvants for single-dose vaccines [15] [16] [17] . IDR-1018 is the most potent inducer of chemokines to date [18] and demonstrates anti-infective and anti-inflammatory activity in mouse models, including efficacy in treating Plasmodium berghei ANKA cerebral malaria when administered in conjunction with standard first-line antimalarials [19] . The mechanism of IDR-mediated cell recruitment involves local chemokine induction [7, 8, 18, 20] and the promotion of integrin-mediated adhesion [21] . This selective enhancement of innate immunity by IDR peptides represents a novel approach to anti-infective therapy and has many advantages over directly microbicidal compounds [10] .
Neutrophils are part of the body's first line of defenses against pathogens and are critical effector cells in innate and adaptive immunity. The principal role of neutrophils in inflammation and the immune responses is primarily driven by phagocytosis and the killing of pathogens through oxidative and nonoxidative mechanisms [22] . Neutrophils respond to a large number of stimulants by enhanced chemotaxis, activation of integrins, and production of inflammatory cytokines and chemokines [22] . In addition to the classical neutrophil stimulants, such as fMLP, PMA, and activated complement fragment 5 [23] , a number of HDPs, including human ␤-defensins [24] , cathelicidin LL-37 [25] , and S100A7/psoriasin [26] , have also been reported to activate various neutrophil functions.
As IDR peptides are known to recruit neutrophils while suppressing inflammation [8] , the objective of this study was to characterize further the effects of IDR-HH2, IDR-1002, and IDR-1018 peptides on human neutrophil functions. Here, we demonstrated that these IDR peptides regulated the expression of neutrophil adhesion and activation markers, enhanced neutrophil adhesion to endothelial cells in a ␤ 2 integrin-dependent manner, and induced neutrophil migration and chemokine production. Furthermore, these IDRs also increased the release of the neutrophil-produced HDPs, human ␣-defensins, and LL-37 and augmented neutrophil killing of Escherichia coli. Notably, all of the IDR peptides suppressed LPS-mediated production of the inflammatory cytokines, such as TNF-␣ and IL-10, the release of ROS, and the degranulation of neutrophils. We also demonstrated that IDR peptides activated the MAPK pathway that was necessary for the production of chemokines. These observations provide novel evidence that IDR-HH2, IDR-1002, and IDR-1018 may contribute to the modulation of the innate immune response by regulating the neutrophil host defense functions at inflammation and infection sites and also by suppressing harmful inflammatory responses.
MATERIALS AND METHODS

Reagents
The peptides, IDR-HH2 (VQLRIRVAVIRA-NH 2 ), IDR-1002 (VQR-WLIVWRIRK-NH 2 ), and IDR-1018 (VRLIVAVRIWRR-NH 2 ), were synthesized by solid-phase F-moc chemistry by CPC Scientific (Sunnyvale, CA, USA). A negative control peptide, 1035 (KRWRWIVRNIRR-NH 2 ), was similarly synthesized by the Biomedical Research Center (University of British Columbia, Vancouver, BC, Canada). The 5-(and 6)-chloromethyl-H 2 DCFDA was purchased from Molecular Probes (Eugene, OR, USA). The FITC-labeled anti-human CD11b (CBRM1/5) Ab, anti-human CD62L (DREG-56) Ab, anti-human CD64 (10.1) Ab, anti-human CD66b (G10F5) Ab, and the isotype controls, mouse IgM (MOPC-104E) and IgG1 (MG1-45) Ab, were purchased from BioLegend (San Diego, CA, USA). The mouse anti-human CD18 (L130) and anti-human CD62L (DREG-56) Ab were obtained from BD Biosciences (San Jose, CA, USA). Rabbit polyclonal antiphosphorylated ERK, JNK, and p38 Ab and ERK, JNK, and p38 Ab were purchased from Cell Signaling Technology (Beverly, MA, USA). The MAPK inhibitors U0126, JNK inhibitor II, and SB203580 were obtained from Calbiochem (La Jolla, CA, USA), and fMLP was from Sigma-Aldrich (St. Louis, MO, USA). LPS was purified from Pseudomonas aeruginosa, as described previously [27] .
Cell preparation and stimulation
In accordance with the ethics approval and guidelines of the University of British Columbia and the Juntendo University Graduate School of Medicine, informed consent was obtained from healthy volunteers, and blood was drawn from the cubital vein using heparin-containing Vacutainer tubes (BD Biosciences). After sedimentation of the erythrocytes, the upper fraction was layered onto Ficoll-Paque Plus (Amersham Pharmacia Biotech, Piscataway, NJ, USA) prior to density-gradient centrifugation, as reported previously [24] . Neutrophil purity was Ͼ95%, and cell viability was determined for each cell preparation by trypan blue exclusion and found to be Ͼ98%. The cells were suspended in RPMI-1640 medium, supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, and 1 mM sodium pyruvate (all from Invitrogen, Carlsbad, CA, USA), and treated with IDR peptides.
The EA.hy926 cells, a hybridoma of HUVEC and the human epithelial cell line A549, which have been shown to retain properties of native endothelial cells [28] , were cultured in DMEM (high glucose) containing 10% FBS and hypoxantine, aminopterin, and thymidine media supplement (Invitrogen). These cells were grown in a humidified atmosphere and passaged every 3-4 days using 0.05% trypsin/0.02% EDTA to detach cells. obtained from eBioscience (San Diego, CA, USA). The ELISA kits for HNP1-3 and LL-37 were purchased from HyCult Biotechnology (Uden, Netherlands).
Flow cytometry analysis for the expression of neutrophil adhesion and activation markers
Neutrophils (5ϫ10 5 ) were incubated with the IDR peptides for 3 h at 37°C. The cells were washed in Opti-MEM and resuspended in saturating concentrations of the Ab against integrin CD11b, L-selectin CD62L, adhesion molecule CD64, and the GPI-linked glycoprotein CD66b for 30 min on ice. Control samples were stained with nonspecific mouse IgM or IgG1 Ab at the same concentrations. After washing, the samples were assayed using a FACSCalibur flow cytometer in conjunction with the CellQuest Pro software (BD Biosciences).
Neutrophil degranulation: MPO activity
MPO release was selected as a marker for the degranulation of neutrophil azurophilic granules and was quantified as described previously [8] , using assay reagents obtained from Sigma-Aldrich. Briefly, 1 ϫ 10 6 neutrophils were treated with the IDR peptides in the presence or absence of LPS for 30 min. The cells were then centrifuged to obtain cell-free samples. The MPO released from the neutrophils was quantified in the neutrophil supernatants that were diluted 1:1 in 2ϫ 0.5% (w/v) hexadecyltrimethylammonium in 0.1 M potassium phosphate buffer (pH 6). The supernatants were collected and assayed. The MPO activity was quantified spectrophotometrically at a wavelength of 460 nm in the presence of 0.0005% (v/v) H 2 O 2 and 0.5 mM o-dianisidine dihydrochloride. One unit of MPO was defined as the amount of enzyme that used 1 mol/min H 2 O 2 at 25°C.
Neutrophil adhesion assay
The neutrophils were resuspended in RPMI-1640 medium with 1% FBS, treated with the various doses of IDR peptides for 1 h at 37°C and washed to remove any excess stimulants. The cells (1ϫ10 5 /100 l) were then added to confluent wells of EA.hy926 cells in a 48-well plate, incubated for 45 min at 37°C, and the wells were washed thrice to remove any nonadherent cells. The neutrophils that were adhered to the EA.hy926 cells were lysed with 0.5% Triton X-100 for 10 min, and the MPO activity was then measured in the cell lysates. For the inhibition experiments, the neutrophils were first pretreated with 10 g/ml anti-CD18 mAb and/or anti-CD62L mAb for 1 h at 37°C and washed twice prior to the start of the adhesion assay. In some experiments, 48-well plates were coated overnight at 4°C with 25 g/ml fibronectin (Calbiochem) or 2 g/ml ICAM-1 (R&D Systems, Minneapolis, MN, USA)/well to evaluate neutrophil adhesion to fibronectin or ICAM-1. The coated wells were washed with PBS, blocked with PBS containing 1% BSA (Roche, Basel, Switzerland) for 1 h at 37°C, and then washed again with PBS prior to use. The neutrophils (1ϫ10 5 ) were added to each well, followed by stimulation with the IDR peptides at 37°C for 1 h. The nonadherent cells were then removed, and the wells were washed twice with PBS. The adherent cells were lysed with 0.5% Triton X-100, and the MPO activity was measured in these cell lysates.
Measurement of intracellular ROS production
Flow cytometry was used to determine the intracellular levels of ROS, as described previously, using DCFDA [25] . Neutrophils at a density of 2 ϫ 10 6 cells/ml were resuspended in 150 l RPMI 1640, supplemented with 10% FBS, and incubated with each IDR peptide in the presence or absence of LPS for 30 min at 37°C. The cells were washed, resuspended in Opti-MEM (Invitrogen) containing 1 M DCFDA, and then incubated for 30 min at 37°C. Following one wash in ice-cold PBS, the cells were analyzed by flow cytometry.
Chemotaxis assay
The chemotaxis assay was performed using a 48-well microchemotaxis chamber (Neuroprobe, Cabin John, MD, USA). Neutrophils (1ϫ10 5 ) were added to the upper wells of the chamber and were separated from the IDR peptide-containing lower wells by a polycarbonate membrane with 3 mdiameter pores. These membranes were noncoated or were coated with 10 g/ml fibronectin. Following a 60-min incubation, the number of migrated cells that were adherent to the underside of the filter was counted under a light microscope after the membrane was fixed with methanol and stained with the DiffQuick staining kit (Siemens, Newark, DE, USA). DiffQuick staining was used to confirm that the migrated cells were morphologically neutrophils (Ͼ98%).
Bacterial killing assay
The neutrophils were cultured in 1.5 ml microcentrifuge tubes, resuspended in HBSS (Invitrogen) for 30 min at 37°C in a humidified atmosphere with 5% CO 2 , and stimulated with the IDR peptides at the indicated concentrations for 1 h. The cells were then washed twice with HBSS by centrifuging the cultures at 500 g, followed by resuspension in HBSS, supplemented with 10% autologous serum prior to the assay. Concurrently, luminescent E. coli Xen-14 (Caliper Life Sciences, Hopkinton, MA, USA) was harvested by centrifuging the cultures at 11,000 g, washing twice with HBSS, and resuspending the cultures in HBSS, supplemented with 10% autologous serum in microcentrifuge tubes. The opsonization of E. coli in human serum was performed by gentle inversion of the microcentrifuge tubes for 20 min at 37°C. Antimicrobial killing was assessed by adding 2.5 ϫ 10 7 CFU of E. coli to 5 ϫ 10 6 neutrophils/treatment condition, resulting in a multiplicity of infection of 5, followed by incubation for 15-60 min. The addition of E. coli to the assay medium without neutrophils was performed as a control for bacterial growth. The number of surviving E. coli under each treatment condition was determined by removing 50 l of the coculture at each indicated time-point and adding it to 2.5 ml dilute NaOH solution (pH 11) for 5 min to lyse the neutrophils. This solution was then diluted further in HBSS and plated on LB agar plates. The percentage of E. coli killed was calculated according to the following formula: [1Ϫ(CFU treatment /CFU bacteria-only controls )] ϫ 100.
Western blot analysis
Neutrophils (1ϫ10 6 ) were incubated with the IDR peptides for 10 min. Following stimulation, cell lysates were obtained by lysing cells in RIPA buffer (Cell Signaling Technology), according to the manufacturer's specifications. Equal amounts of total protein were subjected to 12.5% SDS-PAGE. After nonspecific binding sites were blocked, the blots were incubated with pAb against phosphorylated or unphosphorylated ERK, JNK, and p38 overnight. The membrane was developed with an ECL detection kit (Amersham Pharmacia Biotech).
Statistical analysis
The statistical analysis across multiple treatment groups or time-points was determined with ANOVA, followed by the appropriate post hoc test, whereas the significant differences between paired groups were determined with Student's t-test. The statistical analyses were performed with Prism GraphPad for Windows (Prism 5; GraphPad Software, San Diego, CA, USA). A value of P Ͻ 0.05 was considered significant. The results are shown as the mean Ϯ sd.
RESULTS
IDR peptides modulated the expression of adhesion molecules and activation markers on neutrophils
To determine whether the IDRs activate human neutrophils, we first assessed the effects of IDR-HH2, IDR-1002, and IDR-1018 on the expression of the neutrophil adhesion molecules, CD11b and CD62L, and the activation markers, CD64 and CD66b. As observed in Fig. 1 , all three IDR peptides up-regulated significantly and dose-dependently the expression of CD11b (four-to sixfold), CD64 (five-to eightfold), and CD66b (two-to threefold) and induced the shedding of CD62L (30 -40%) from the surface of the neutrophils, although to a lesser extent than fMLP that was used as a positive control. Similar increases in CD18 expression were also detected in neutrophils treated with the IDR peptides (data not shown). Therefore, increases in the expression of CD11b, CD64, and CD66b and a decrease in the expression of CD62L on neutrophils treated with IDR-HH2, IDR-1002, and IDR-1018 indicate neutrophil activation by these peptides.
Effects of IDR peptides on neutrophil adhesion to endothelial cells
The increased expression of CD11b and the decreased expression of CD62L on the neutrophils caused by treatment with the IDR peptides suggested that these peptides modify neutrophil adhesion. Therefore, we examined the effects of the IDRs on neutrophil adherence to endothelial cells. The number of adherent neutrophils to endothelial cells was assessed by extracellular MPO release and was increased significantly (up to eightfold) following treatment of neutrophils with IDR-HH2, IDR-1002, and IDR-1018. This IDR peptide-induced increase in adherence of the neutrophils to the endothelial cells was dosedependent ( Fig. 2A) . Similarly, in separate experiments, we confirmed that all three IDR peptides caused increased neutrophil adhesion to fibronectin and ICAM-1 (up to four-and 10-fold, respectively) compared with control, untreated neutrophils (Supplemental Fig. 1A and B) . The combination of each IDR peptide with fMLP seemed only to have an additive effect on neutrophil adherence to the endothelial cells. This might indicate that the IDR peptides activate neutrophils through similar or completely independent mechanism(s) as fMLP. An interaction between the neutrophils and endothelial cells, which is important for neutrophil adhesion, occurs through the ␤ 2 integrin, CD11b/CD18, and CD62L that are expressed on neutrophils [29] . Therefore, the contribution of this ␤ 2 integrin and CD62L to the binding interaction was assessed. Ab directed against CD18 and CD62L significantly blocked the attachment of neutrophils to the endothelial cells, and the combination of both Ab further inhibited neutrophil adhesion to the endothelial cells (Fig. 2B ). These results demonstrate that IDR-stimulated neutrophil adhesion to the endothelial 5ϫ10 5 ) were stimulated with 12.5-50 g/ml IDR-HH2, IDR-1002, and IDR-1018 or 1 M fMLP for 3 h at 37°C and incubated with CD11b-, CD62L-, CD64-, and CD66b-specific Ab for 30 min on ice. Samples were assayed using the FACSCalibur flow cytometer. Each bar shows the mean Ϯ sd from four independent experiments using neutrophils from independent donors. The values are expressed as the mean fluorescence intensity (MFI) compared with the nonstimulated cells incubated with the isotype controls. Med, Medium; *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. were treated with 12.5-50 g/ml IDR-HH2, IDR-1002, and IDR-1018, 1 M fMLP, or with a combination of fMLP and 25 g/ml each IDR peptide for 1 h at 37°C and were then added to confluent wells of EA.hy926 cells and incubated for 45 min at 37°C. After washing, the neutrophils that were adherent to the EA.hy926 cells were lysed. The MPO enzyme activity was measured spectrophotometrically in the cell lysates at a wavelength of 460 nm in the presence of 0.0005% H 2 O 2 and 0.5 mM o-dianisidine dihydrochloride. One unit of MPO is defined as the amount of enzyme that uses 1 mol/min H 2 O 2 . The values are the mean Ϯ sd of three to five separate experiments using cells from an independent donor, and the results are compared with the untreated group (Med); *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. (B) Neutrophils were pretreated with 10 g/ml anti-CD18 Ab, anti-CD62L Ab, a combination of 10 g/ml anti-CD18 and anti-CD62L Ab, or 10 g/ml isotype control Ab (Ctrl IgG) for 1 h. Neutrophils were then challenged for 1 h with 25 g/ml IDR-HH2, IDR-1002, or IDR-1018. The IDR-stimulated neutrophils were added to EA.hy926 cells and incubated for 45 min at 37°C, and the adhesion assay was performed as described. The values are the mean Ϯ sd of three separate experiments using cells from independent donors; **P Ͻ 0.01; ***P Ͻ 0.001 compared in the presence and absence of each Ab. cells is mediated through the ␤ 2 integrin, CD11b/CD18, and CD62L.
IDR peptides induced neutrophil migration on fibronectin-coated surfaces
The effects of the IDR peptides on neutrophil migration were tested in an in vitro chemotaxis assay using modified Boyden chambers with a fibronectin-coated membrane. As shown in Fig. 3, IDR-HH2 , IDR-1002, and IDR-1018 promoted chemotaxis of the neutrophils at concentrations varying from 5 to 40 g/ml. This IDR-mediated neutrophil migration was dosedependent and bell-shaped, and 5 g/ml was the optimal chemotactic dose for IDR-HH2, whereas 10 g/ml was optimal for IDR-1002 and IDR-1018. The IDR peptide-induced chemotactic activity was ϳ50% of the cell activity seen with fMLP. A significant increase in chemotaxis was also observed using a noncoated membrane (data not shown). The presence of IDR in only the upper compartment did not induce any substantial increase of cell migration, implying that IDR-mediated neutrophil migration is based predominantly on chemotaxis rather than chemokinesis (data not shown).
IDR peptides attenuated LPS-induced neutrophil activation
As the IDR peptides increased the expression of CD11b and CD66b, which are stored in specific and gelatinase-containing granules, respectively, these data indicated the possibility that the IDRs induced neutrophil degranulation. Therefore, we investigated the effects of the IDR peptides on neutrophil degranulation by assessing the extracellular release of MPO, an azurophilic granule component known as a neutrophil degranulation marker. The results depicted in Fig. 4 demonstrated that IDR-HH2, IDR-1002, and IDR-1018 modestly (up to twofold) and dose-dependently induced MPO release from the neutrophils compared with nonstimulated cells. fMLP was used as a positive control, and costimulation of the neutrophils with the IDRs and fMLP increased MPO release further, although this effect was additive but not synergistic. In our experimental conditions, 427.29 Ϯ 31.64 mU/ml MPO was present in 1 ϫ 10 6 neutrophils when these cells were lysed.
LPS is an inflammatory stimulus and is known to stimulate various neutrophil functions, including degranulation, ROS production, and cytokine/chemokine production [30] . As we have reported recently-that IDRs inhibit LPS-induced proinflammatory responses in human PBMCs [7, 8, 18 ]-we assessed the impact of IDR-HH2, IDR-1002, or IDR-1018 on LPSinduced neutrophil degranulation. LPS alone increased neutrophil degranulation significantly (four-to fivefold compared with the individual IDR peptides), and this effect was reduced significantly by treatment with IDR-HH2, IDR-1002, or IDR-1018 (Fig. 4) . were treated with 12.5-50 g/ml IDR-HH2, IDR-1002, and IDR-1018, 1 M fMLP alone or in combination with 50 g/ml of each peptide, or 50 ng/ml LPS alone or in combination with 50 g/ml of each IDR peptide for 30 min at 37°C. After washing, MPO enzyme activity was measured spectrophotometrically in the cell-free supernatants at 460 nm in the presence of 0.0005% H 2 O 2 and 0.5 mM o-dianisidine dihydrochloride. One unit of MPO is defined as the amount of enzyme that used 1 mol/min H 2 O 2 . The values are the mean Ϯ sd of four independent experiments using neutrophils from independent donors. The values were compared between the stimulated and nonstimulated cells (Med) or between the cells treated with LPS alone and LPS in combination with each IDR peptide; *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
We next evaluated the actions of the IDR peptides on LPSmediated ROS production. First, as shown in Fig. 5A , IDR peptides alone caused a slight increase of ROS generation, and costimulation of the neutrophils with the IDR peptides and fMLP only had an additive effect, if any at all. In preliminary, dose-dependent experiments, we observed that 50 g/ml of each IDR peptide induced the highest levels of ROS (Supplemental Fig. 2 ). Analogous to neutrophil degranulation, LPS greatly induced the ROS production, and the combination of each IDR peptide with LPS suppressed LPS-mediated ROS production significantly compared with LPS alone. IDR-1002 and IDR-1018 were more effective than IDR-HH2 in inhibiting LPS-caused ROS generation (Fig. 5B) .
As IDR-1 and IDR-1002 are known to induce the production of specific cytokines/chemokines in human PBMCs [7, 8] , we examined whether IDR-HH2, IDR-1002, and IDR-1018 affected cytokine/chemokine production in neutrophils. Following treatment of the neutrophils with the individual IDR peptides, the production of TNF-␣ and IL-10 was increased modestly. As expected, LPS strongly induced the TNF-␣ and IL-10 production, and the combination of each IDR peptide with LPS inhibited this cytokine production significantly (Fig. 6A) . We also observed that IDR-HH2, IDR-1002, and IDR-1018 considerably increased the production of the chemokines IL-8/ CXCL8, MCP-1/CCL2, MCP-3/CCL7, and MIP-1␣/CCL3 in a dose-dependent manner in the absence of LPS; however, in contrast to the situation with TNF-␣ and IL-10 production, costimulation of the neutrophils with the IDR peptides and LPS did not lead to suppression of the production of these chemokines, but rather, to some extent, the IDRs cooperated with LPS to enhance this production (Fig. 6B) . Consistent with previous reports [7] , we confirmed that all three peptides did not affect the binding of LPS to the LPS-binding protein, confirming that these peptides did not modulate neutrophil activation by blocking LPS binding directly (data not shown).
IDR peptides enhanced neutrophil killing of E. coli
To determine whether the IDR peptides could also modulate neutrophil killing, in addition to neutrophil migration, degranulation, and cytokine/chemokine production, we investigated the effects of IDR-HH2, IDR-1002, and IDR-1018 on the neutrophil-mediated killing of E. coli. As shown in Fig. 7A-C , the neutrophils treated with various doses of the IDR peptides displayed increased killing of E. coli compared with the untreated neutrophils. Overall, the neutrophil killing effect peaked 30 min after the addition of E. coli to the IDR-treated neutrophils, and 25 g/ml of each peptide was determined to be the optimal killing dose. Longer treatments of up to 60 min resulted in elevated, spontaneous killing of the E. coli. Costimulation of the neutrophils with IDR peptides and fMLP increased the neutrophil-mediated killing of the E. coli only slightly further (Fig. 7D) .
IDR peptides induced extracellular release of HDPs from neutrophils
It has been shown previously that stimulation of neutrophils by HDPs resulted in an extracellular release of neutrophil-produced HDPs, including ␣-defensins and cathelicidin cationic antibacterial polypeptide of 11 kDa [25, 26, 31] . As we reported recently that some IDR peptides lack direct antimicrobial activities [7, 8] (and unpublished data), it was postulated that the IDR peptides might partly increase the killing activity of the neutrophils through their ability to induce the release of HDPs contained in the neutrophil granules. We evaluated the release of HNP1, -2, and -3, which are members of human ␣-defensins that are located in the neutrophil azurophilic granules [32] , and cathelicidin LL-37 that is stored in specific granules [33] . Incubation of the neutrophils with IDR-HH2, IDR-1002, or IDR-1018 resulted in dose-dependent increases in the release of HNP1-3 and LL-37. This effect was observed first, as early as 30 min after treatment with the IDR peptides and was sustained even up to 3 h later ( Fig. 8A and B) . The combination of the IDR peptides with fMLP increased HNP and LL-37 release further, but this effect was only additive (Fig. 8C) . These data are consistent with the suggestion that IDR-mediated killing by neutrophils might be, in part, a result of IDR-induced extracellular release of neutrophil-generated HDPs and/or the immunomodulatory activities of HDPs.
Activation of the MAPK pathway by IDR peptides is necessary for the production of chemokines
As the MAPK pathway occupies a central role in innate immunity and as IDR-1 and IDR-1002 have been reported to stimulate chemokine production by PBMCs through the MAPK pathway [7, 8] , we reasoned that IDR-HH2, IDR-1002, and IDR-1018 might also activate MAPKs in human neutrophils. As pictured in Fig. 9A , all IDR peptides markedly induced phosphorylation of ERK, JNK, and p38. In preliminary experiments, the optimal activation of MAPKs induced by IDRs was observed after 10 min. Likewise, fMLP, used as a positive control, also enhanced MAPK phosphorylation.
The activation of MAPKs was required for the production of chemokines IL-8, MCP-1, MCP-3, and MIP-1␣ by IDR peptides. This was shown by the noteworthy suppression of chemokine production by specific inhibitors of ERK (U0126), JNK (JNK inhibitor II), and p38 (SB203580; Fig. 9B ). These inhibitors also suppressed fMLP-induced chemokine production, suggesting a possible overlap among the signaling pathways used by IDR peptides and fMLP. The doses of inhibitors used in this study were not toxic to neutrophils, as tested by lactate dehydrogenase activity (data not shown). All of the experiments included DMSO vehicle controls, and the levels of DMSO in the cell cultures never exceeded 0.1% (data not shown).
DISCUSSION
We showed recently that IDRs recruit neutrophils to the site of infection in vivo while suppressing inflammation [8] . To understand this further, we investigated the effects of IDRs on various functions of human neutrophils. This study demonstrated that the three tested IDR peptides-IDR-HH2, IDR-1002, and IDR-1018 -enhanced neutrophil adhesion, migration, and cytokine/chemokine production. These peptides also stimulated the release of neutrophil-generated HDPs and augmented neutrophil-mediated killing of E. coli. Moreover, the IDRs suppressed LPS-induced proinflammatory cytokine secretion, as well as the LPS-induced release of ROS and neutrophil degranulation. IDR peptides also activated the MAPK pathway, which was required for chemokine production. These findings indicated that IDR-HH2, IDR-1002, and IDR-1018 regulate a range of neutrophil functions and provided novel insights regarding the contribution of the IDR peptides to the innate immune response through the modulation of neutrophil activation. We confirmed that a negative control peptide, 1035, isolated as part of the same design series as IDR-HH2, IDR-1002, and IDR-1018 but with no immunomodulatory properties, as measured by its lack of enhancement of chemokine production in human PBMCs (unpublished data), did not elicit neutrophil activation above the baseline levels (data not shown). This observation confirms that the modulation of neutrophil functions that is mediated by the IDR peptides is specific.
The migration of neutrophils from the circulation into an area of inflammation or infection involves the regulated expression of neutrophil surface adhesion molecules. L-selectin (CD62L) is important in the initial attachment of the neutrophils to the endothelium and is shed rapidly after neutrophil activation [34] . This is followed by tight adhesion and transendothelial migration of the neutrophils, which are mediated by ␤ 2 integrins. CD11b/CD18 represents the predominant ␤ 2 integrin that is expressed on the neutrophils, and this protein is known to interact with fibronectin and ICAM-1 [35] . CD11b/ CD18 also regulates several neutrophil functions, including adhesion, migration, degranulation, and phagocytosis [36 -38] . CD66b is another glycoprotein hypothesized to be involved in neutrophil activation and migration through the regulation of 6 ) were treated with 25-50 g/ml IDR-HH2, IDR-1002, and IDR-1018 or with 50 ng/ml LPS alone or in combination with 50 g/ml of each IDR peptide for 6 h at 37°C, and the concentrations of (A) TNF-␣ and IL-10 and (B) IL-8, MCP-1, MCP-3, and MIP-1␣ released into the culture supernatants were determined by ELISA. The values were compared between the stimulated and untreated cells (Medium) or between the cells treated with LPS alone (Ϫ) and LPS in combination with each IDR peptide. The bars show the mean Ϯ sd of three independent experiments using cells from independent donors; *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
CD11b/CD18 adhesive activity [39] . Another neutrophil activation marker is CD64, which initiates ROS generation, degranulation, and phagocytosis [40] . Here, we demonstrated that the IDR peptides increased the expression levels of CD11b/CD18, CD64, and CD66b and lowered the expression of CD62L, demonstrating that the IDR peptides induced neutrophil activation.
The ability of the IDR peptides to regulate the expression of the neutrophil adhesion molecules and activation markers was supported first by the observation that these peptides enhanced the adherence of neutrophils to the endothelial cells, fibronectin, and ICAM-1, and this effect was controlled almost completely by CD11b/CD18 and CD62L. Furthermore, all three IDR peptides induced neutrophil migration significantly. Upon arrival at the site of infection, the neutrophils recognize and migrate toward invading pathogens and potentially degranulate. This action deploys a potent antimicrobial arsenal that includes various antimicrobial peptides/proteins, cytotoxic and proteolytic enzymes, and ROS [41, 42] . This process is executed rapidly by the neutrophils, as the granule proteins are not synthesized de novo at the sites of infection but rather, are synthesized during neutrophil differentiation and stored in azurophilic, specific, and gelatinase granules [42] . Here, we demonstrated that at an early, 30-min time-point, the IDR peptides induced the exocytosis of MPO and the antimicrobial granule components, human ␣-defensins (HNP1-3) and cathelicidin LL-37. Although HNP and LL-37 secretion was increased fourfold, there was only limited secretion of MPO (up to twofold), equivalent to 10% of total MPO release. The most plausible explanation for this result is the previous finding that although HNPs and MPO are stored in azurophilic granules, HNPs are the dominating protein in a major subset of azurophilic granules [43] . As for LL-37, a component of specific granules, the relatively higher exocytosis of this protein upon stimulation with IDR peptides may be a result of the fact that specific granules are exocytosed easily compared with azurophilic granules [44] . Among ␣-defensins, HNP1-3 account for 5-7% of the total neutrophil proteins [45] , whereas HNP4 comprises Ͻ2% of the total defensins present in neutrophils [46] . LL-37 is the unique human cathelicidin, which is normally generated by proteolytic cleavage after the extracellular release of preproprotein hCAP-18. In addition to neutrophils, hCAP18/LL-37 is present in lymphocytes, PBMCs, squamous epithelia, and keratinocytes [2, 3] . Besides their (relatively weak) microbicidal activities, HNPs and LL-37 also have a range of immunomodulatory roles in various immune and inflammatory cells, including neutrophils [2, 3] . Although the concentrations of HNPs and LL-37 released from neutrophils by IDRs are lower than the doses required for killing E. coli, especially under physiological salt conditions [47] , it is possible that this could be mitigated by the high concentrations of peptides in granules during phagosome-lysosome fusion, the higher local concentrations at sites of degranulation, elevated concentrations in patients with bacterial infections, or local inflammation [48, 49] , and the synergistic action of HNPs and LL-37 [47] might enable direct killing. Alternatively, these natural HDPs may increase some of the immunomodulatory effects observed here. Our finding that the IDR peptides enhance neutrophil-mediated killing of E. coli may be partly a result of the release of HNPs and LL-37, although neutrophils possess other antimicrobial defenses, including ROS, cationic proteins, and granule proteases, which are delivered to phagosomes and the extracellular environment [41, 42] .
Although neutrophils are somewhat specialized in handling immediate host defenses during tissue infection, they can have a deleterious effect in magnifying the inflammatory response. Especially in the presence of an uncontrolled infection-sustained, proinflammatory signals from other immune cells and resident tissue cells or during inappropriate activation-neutrophils can exacerbate inflammation and create local tissue damage [50] . In these circumstances, the uncontrolled release of proteases, ROS, and other cytotoxic products leads to additional tissue destruction, further neutrophil and immune cell infiltration, and the perpetuation of inflammation [50] . Therefore, to limit collateral host tissue damage, the release of these cytotoxic mediators needs to be tightly regulated [50, 51] . Intriguingly, although treatment with the IDR peptides alone induced a modest increase in MPO release and a slight enhancement of ROS generation, these peptides markedly sup- The effects of ERK, JNK, and p38 inhibitors on chemokine production. Neutrophils (1ϫ10 6 ) were pretreated with 10 M U0126 (ERK inhibitor), JNK inhibitor II (JNK inh II), and SB203580 (p38 inhibitor) or 0.1% DMSO for 2 h, and the cells were then exposed to 25 g/ml IDR-HH2, IDR-1002, and IDR-1018, 1 M fMLP, or the diluent (Medium) for 6 h. The concentrations of IL-8, MCP-1, MCP-3, and MIP-1␣ released into the culture supernatants were determined by ELISA. The values are the mean Ϯ sd of three separate experiments and were compared between the presence and absence of each inhibitor; *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. pressed LPS-induced neutrophil degranulation and ROS production. In addition to its microbicidal activities, ROS has other roles in physiological and pathophysiological processes that are relevant to infection, including tissue injury and mediation of inflammation [52] . Therefore, the observation that the IDR peptides inhibited LPS-mediated neutrophil degranulation and ROS generation indicates that these peptides act as protective agents that regulate the excessive release of proinflammatory mediators and is consistent with the selective modulation (control) of inflammatory responses observed with monocytes and in animal models [7, 8] . During inflammation, activated neutrophils initiate an apoptotic program, which facilitates the resolution of inflammation and prevents tissue damage caused by necrotic cell lysis and the spilling of cytotoxic proteins and ROS into the extracellular environment [53, 54] . Although a number of HDPs, including LL-37, HNPs, and human ␤-defensins, have been reported to inhibit neutrophil apoptosis [55] [56] [57] , in this study, the IDR peptides were not found to have any significant effect on neutrophil apoptosis (data not shown). This suggests that the IDR peptides display selective effects in the regulation of neutrophil functions.
Whereas treatment with the IDR peptides alone modestly increased the production/secretion of the inflammatory cytokines-TNF-␣ and IL-10 -they actually reduced, by as much as 50%, the secretion of these inflammatory cytokines in response to LPS, again consistent with a modulatory role. In contrast, the IDRs had no inhibitory effects on LPS-induced chemokine production and tended to cooperate with LPS to enhance the production of chemokines. In contrast to these IDR peptides, we found previously in PBMCs and macrophages that IDR-1 not only reduced LPS-induced TNF-␣ production but also reduced the production of IL-8 and other cytokines while increasing IL-10 production further in the presence of LPS [7] . This indicates that different IDR peptides act differently depending on the cell type. Our finding that the IDR peptides used in this study induced production of the chemokines IL-8/CXCL8, MCP-1/CCL2, MCP-3/CCL7, and MIP-1␣/CCL3 in neutrophils was consistent with previous reports, demonstrating that IDR-1 and IDR-1002 enhanced chemokine production in PBMCs and neutrophils [7, 8] . This result is consistent with the suggestion that the protective properties of the IDR peptides are, in part, a result of their abilities to induce chemokine production, which leads to the recruitment of neutrophils to the site of infection [7, 8] . No study to date has performed a detailed characterization of the interactions of IDR peptides with neutrophils. However, all of the animal model studies have demonstrated that these peptides, in the context of an infection, enhance the recruitment of neutrophils to the site of infection while suppressing proinflammatory cytokines but resolving infections [7, 8] , indicating that these data are relevant to the in vivo mechanism of IDR peptide action.
The relative potency of IDR peptides was similar to or less than that of fMLP, a well-known neutrophil agonist, and the combination of each IDR peptide with fMLP seemed to have only an additive effect on cell activity, if any at all. This indicates that IDR peptides might activate neutrophils through similar or completely independent mechanism(s) as fMLP. HDPs have been shown to have multiple surface and intracellular receptors, and we suspect that this is also true of these IDR peptides. Whereas the receptors for IDR peptides are not well-defined, there is some evidence for the involvement of FPR-1 and other GPCRs [8] , sequestosome 1 [58] , and GAPDH [59] . As one of the candidate receptors is FPR-1 [8] , because fMLP also activates neutrophils through MAPK activation [60] , and as IDR-1 and IDR-1002 stimulate PBMCs via the MAPK pathway, which is downstream of several of these receptors [7, 8] , we investigated the involvement of MAPKs in neutrophil activation by IDR-HH2, IDR-1002, and IDR-1018. The MAPK family mainly consists of ERK, JNK, and p38, which are activated by different stimuli and target different downstream molecules, therefore performing diverse functions, including regulation of inflammation and production of cytokines and chemokines [61] . We demonstrated that IDR peptides induced the activation of ERK, JNK, and p38 and that this activation was required further for neutrophil stimulation, as MAPK-specific inhibitors significantly suppressed chemokine secretion caused by IDR peptides. Similar effects were observed for fMLP-induced cell activation. Further studies would be necessary to determine which of the above receptors were used by IDRs to activate neutrophils.
Collectively, the selective modulation of neutrophil functions by the IDR peptides emphasizes the observation that these peptides balance inflammation rather than merely suppressing it. This selective enhancement of the innate immune response represents a novel approach to anti-infective therapy by IDR peptides and has many advantages over directly microbicidal compounds. As neutrophils are known to participate in the innate immune response, our finding that IDR peptides regulate various neutrophil functions provides novel insight into the mechanism by which the IDR peptides may contribute to the modulation of the host defense, particularly at inflammation/infection sites. To the best of our knowledge, this control of neutrophil-mediated immunity by the IDR peptides was previously unknown. 
